Introduction
============

Many risk factors for dementia have been epidemiologically investigated with the hope of preventing or delaying the onset of Alzheimer\'s disease (AD; [@b16]). Hypertension is linked to AD along with smoking, diabetes mellitus, and hypercholesterolemia ([@b25]; [@b14]). The possible effect of antihypertensive therapy on AD has been studied, and it is suggested that angiotensin-converting enzyme (ACE) inhibitors and angiotensin II receptor blockers (ARBs) exert a greater effect on cognitive decline than other antihypertensive medications ([@b10], [@b11]).

Telmisartan is a long-acting ARB that is effective for early hypertension. It has in addition peroxisome proliferator-activated receptor gamma (PPARγ) agonist effects ([@b2]; [@b18]). [@b12] reported that treatment with the PPARγ agonist pioglitazone reduces soluble amyloid-β (Aβ)1--42 peptide in mice. It has been shown that mRNA and protein levels of β-secretase or β-site amyloid precursor protein cleaving enzyme is repressed by pioglitazone resulting in reduction of Aβ1--42 ([@b32]). Clinically, PPARγ agonists have been reported to act as insulin sensitizers, and to improve cognition and memory in AD patients ([@b36]; [@b19]). [@b23] showed that telmisartan prevented cognitive decline partly due to PPARγ activation. Recently PPARγ activation in the brain has been highlighted to prevent AD via enhancement of Aβ clearance ([@b5]) and antiinflammatory effects in neurons ([@b22]), endothelial cells ([@b35]), astrocytes and microglia ([@b15]), and an increase in neural stem cell proliferation ([@b34]; [@b24]). From these findings, it is hoped that treatment of blood pressure (BP) with telmisartan may mitigate the cognitive decline in AD. The purpose of the present study is to clarify the functional effects of telmisartan on AD brain using prospective longitudinal ^18^F-fluorodeoxyglucose positron emission tomography (FDG-PET) studies. In the revised NINCDS-ADRDA criteria, FDG-PET is dealt with as a topographical marker and is described to be more useful than pathological markers when the first cognitive symptoms are manifest in preclinical AD patients ([@b7]).

Materials and Methods
=====================

Subjects
--------

Among hypertensive outpatients with memory impairment with systolic blood pressure (SBP) of ≥140 mmHg or diastolic blood pressure (DBP) of 90 mmHg in the Department of Neurology of Saitama Medical University Hospital, those who were clinically diagnosed with AD according to revised NINCDS-ADRDA criteria, were recruited ([@b7]). Patients who met the following criteria were excluded: (1) history of allergy to ARB; (2) SBP of ≥160 mmHg or DBP of ≥100 mmHg; (3) pregnancy; (4) severe biliary excretion dysfunction with serum total bilirubin concentration above 2.0 mg/dL; (5) severe liver dysfunction with serum asparatate aminotransferase (AST) or alanine aminotransferase (ALT) above 100IU/L; (6) severe renal dysfunction with serum Cr level above 3.0 mg/dL; (7) hyperkalemia; (8) continuous administration of ARB, ACE inhibitor, or pioglitazone; (9) other conditions deemed inappropriate for the purposes of this study by the investigators. Seven patients who met these criteria were enrolled. FDG-PET findings of all patients were supportive of AD. Of these seven patients, one experienced digestive tract hemorrhage during the follow-up studies and two refused to continue to participate. Finally four AD patients, two men and two women, aged from 70 to 77 years, finished the present longitudinal study protocol. At each FDG-PET study, mini-mental state examination (MMSE) was administered and BP was measured.

This study was approved by the institutional review board of Saitama Medical University International Medical Center and Saitama Medical University Hospital, and all subjects gave written informed consent to participate.

Study protocol
--------------

The subjects underwent three FDG-PET studies at intervals of 12 weeks. Antihypertensive treatment except for telmisartan was started immediately after the first FDG-PET study and continued for 24 weeks. Then 40--80 mg of telmisartan was added immediately after the second FDG-PET study and continued for 12 weeks ([Fig. 1](#fig01){ref-type="fig"}).

![Study protocol. Subjects underwent FDG-PET at three points: the first at entry into this study, the second and third at 12 and 24 weeks after the 1st study, respectively. Telmisartan therapy was started immediately after the second study.](brb30001-0063-f1){#fig01}

FDG-PET
-------

FDG-PET was performed in the Department of Nuclear Medicine of Saitama Medical University International Medical Center. Before FDG-PET was performed, all subjects had an intravenous line established. Each subject received an intravenous injection of 185 MBq of FDG while lying in the supine position with eyes closed in a dimly lit, quiet room and was kept in the same resting state for at least 20 minutes. Fifty minutes after the injection of FDG, brain PET was performed using PET/Computed Tomography (CT) equipment with high spatial resolution (Biograph 6 Hi-Rez; Siemens Medical Systems, Inc.:Suite, Washington, D.C., United States). The combination of Fourier rebinning and the ordered subsets expectation-maximization at iteration number 4 and subset 16, and Gaussian filter at 6-mm full width at half maximum (FWHM) was used for PET image reconstruction. Attenuation correction was performed using CT data.

Image preprocessing
-------------------

All FDG-PET images were spatially normalized using statistical parametric mapping 2 (SPM2; <http://www.fil.ion.ucl.ac.uk/spm/>) to a standardized stereotactic space based on the [@b33] atlas, using 12-parameter linear affine normalization and a further 16 nonlinear iteration algorithms with an original template of FDG ([@b31]). Then, isotropic Gaussian smoothing with 12-mm full-width at half maximum was performed.

Image analysis
--------------

Data were analyzed also using SPM2 program. The SPM2 combines the general linear model and the theory of Gaussian fields to make statistical inferences about regional effects ([@b8], [@b9]). To examine changes in brain glucose metabolism during the 12 weeks without telmisartan, regionally specific differences between the first and second FDG-PET were statistically assessed using a two-tailed paired contrast testing for a decreased probability of glucose metabolism. Then to examine regionally specific differences in glucose metabolism between the two conditions, with and without telmisartan, the first, second, and third FDG-PET were statistically assessed. A two-tailed contrast testing was used for an increased or decreased probability (multiple subjects with different conditions in SPM2). To exclude time effect in voxel intensity across three scans, the term days was included as a nuisance covariate. The analysis was performed with normalization of global glucose metabolism for each subject to the same mean value with proportional scaling to compare two conditions regarding relative FDG distribution. The gray matter threshold was set to 0.8.

The resulting set of values for each contrast constituted a statistical parametric map of the *t* statistic SPM {t}. The SPM {t} maps were then transformed to the units of normal distribution (SPM {Z}), and height threshold was set to *P* = 0.005 uncorrected for multiple comparisons with extent threshold to 100 voxels. These areas of significance were visualized as overlaid on a normalized MR image to obtain a clear view of the location of the glucose metabolism changes.

Results
=======

MMSE scores and BP are listed in [Table 1](#tbl1){ref-type="table"}. No significant changes in MMSE scores were observed during the time course. SBP declined significantly from the first to third and from the second to third FDG-PET. DBP declined significantly from the first to third FDG-PET.

###### 

Subjects\' background, blood pressure, and cognitive state

  --
  --

Glucose metabolism was significantly decreased during the first 12 weeks without telmisartan at an area (−10, 21, −22, x, y, z; *Z* = 3.56) caudal to the left rectal gyrus and the olfactory sulcus corresponding to the left olfactory tract ([Fig. 2](#fig02){ref-type="fig"}).

![Statistically significant decrease of glucose metabolism from the first to second FDG-PET studies in an area caudal to the left rectal gyrus and the olfactory sulcus corresponding to the left olfactory tract (*P* \< 0.005). The SPM of the *t*-statistics is displayed in a standard format as a maximum intensity projection viewed from right-hand side and from the top and the back (top), and as orthogonal sections (bottom).](brb30001-0063-f2){#fig02}

In contrast, the introduction of telmisartan during the following 12 weeks preserved glucose metabolism at areas (5, 19, −20, x, y, z; *Z* = 3.09; −6, 19, −22, x, y, z; Z = 2.88) caudal to the bilateral rectal gyri and olfactory sulci corresponding to the bilateral olfactory tracts ([Fig. 3](#fig03){ref-type="fig"}). No areas showed decreased glucose metabolism after the introduction of telmisartan.

![Statistically significant preservation of glucose metabolism by telmisartan from the first and second to third FDG-PET studies in areas caudal to the bilateral rectal gyri and the olfactory sulci corresponding to bilateral olfactory tracts (*P* \< 0.005). The SPM of the *t*-statistics is displayed in a standard format as a maximum intensity projection viewed from right-hand side and from the top and the back (top) and as orthogonal sections (bottom).](brb30001-0063-f3){#fig03}

Discussion
==========

This short-term study showed a significant decline and preservation of glucose metabolism in a localized area caudal to the rectal gyrus corresponding to the olfactory tract during the first 12 weeks without telmisartan, and during the following 12 weeks with telmisartan, respectively.

The localized area corresponding to the olfactory tract detected by statistical analysis of longitudinal FDG-PET studies contains the anterior olfactory nucleus (AON; [@b30]). AON plays a central role in human olfactory processing ([@b27]; [@b4]). Though central olfactory connections are scarcely known in man, AON is assumed to have connections to the piriform cortex, anterior amygdala, periamygdaloid cortex, and the rostal entorhinal cortex ([@b27]). In Parkinson\'s disease, [@b20] proposed that AON is connected to the dorsal motor nucleus of the vagus by three principal pathways: the stria medullaris thalami and habenular nuclei, the amygdala and stria terminalis, and the medial forebrain bundle and hypothalamus. Because of these many pathways, AON is assumed to be rich in dendrites and astrocytes, resulting in abundant glucose consumption in this small region ([@b13]).

Hyposmia has been suggested to be a diagnostic symptom in early AD ([@b6]). [@b21] proposed an objective way to reveal olfactory functional deficits in AD patients using a functional MRI. Olfactory functional impairment may result from early neurodegeneration of olfactory systems including AON ([@b26]; [@b3]; [@b28]). [@b17] showed that Aβ deposition and neurofibrillary tangle formation are observed in the olfactory bulb both in aging and AD though more frequently in the latter. Moreover, [@b30] analyzed the AON expression levels of somatostatin in AD versus controls, and found that levels of somatostatin were reduced in AON of AD cases compared to controls. It also has been reported that the reduction in somatostatin induces downregulation of neprylisin, a peptidase that catalyzes the proteolytic degradation of Aβ, and that may be a trigger for Aβ accumulation leading to late-onset sporadic AD ([@b29]). Decreased somatostatin expression may therefore result in Aβ accumulation. Furthermore, a reduction in the density of axons was observed in the olfactory tract of AD patients ([@b1]). Considering such involvement of the olfactory system in AD ([@b4]), glucose metabolism in AON may be decreased more progressively within a short interval than in any other brain region.

Telmisartan is known to effectively reduce Aβ deposition ([@b23]) and to induce PPARγ activation. This PPARγ activation has been reported to prevent brain damage through an antiinflammatory effect, for example in endothelial cells, astrocytes, and microglia ([@b35]; [@b15]; [@b5]; [@b12]; [@b22]; [@b36]; [@b32]; [@b34]; [@b19]; [@b23]; [@b24]). Thus, the current study supports the contention that progressive AD pathology in AON may be prevented by telmisartan.

The present study period may be too short to detect cognitive changes. However, this short term may not be inappropriate to observe any early effect of telmisartan on brain glucose metabolism. Although a further study may be necessary in a larger number of subjects, the current well-localized results with statistical significance may help to define the effect of telmisartan on AD brain.

Conclusion
==========

In consideration of the recent many studies on the olfactory systems in AD, high-resolution FDG-PET is quite useful for the functional evaluation of a small area involving AON. Telmisartan therapy may inhibit short-term decline of glucose metabolism in the olfactory tract in AD brain.
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